INTRODUCTION
The growing world's concern over environmental problems, along with the search for renewable energy sources has placed biodiesel in the spotlight of interest. Several countries, including Brazil, are pursuing the technological supremacy in biofuels, both in the agronomic and industrial sectors, which should have strong impacts on the national economy and social inclusion policies (Abdalla et al., 2008) .
Among the plants with potential for biodiesel production is Jatropha (Jatropha curcas L.). According to Santos et al. (2009) , the oil produced from jatropha seeds has all the required qualities to be transformed into diesel oil. To meet the demand of the increasing production of jatropha seeds, new technologies must be adopted, aiming at the development of machinery used in the harvest and postharvest stages. Drying is one of the most important stages in post-harvest operations because it is directly related to quality of the final product. Resende et al. (2010) stated that product conservation through drying is based on the fact that the microorganisms or enzymes and all metabolic mechanisms depend on water for their activities.
Reduction of seed moisture content is a complex process involving both heat and mass transfer, which can significantly modify product quality and physical properties depending on the method and conditions of drying (Resende et al., 2008) . It is, therefore, essential to better understand this process to obtain efficient drying from the technical and economic standpoint.
In the development and improvement of machinery for seed drying, simulation and gathering of theoretical information on the behavior of each product during reduction of moisture content become essential. For simulation, which is based on the principle of successive thin-layer drying, it is used a mathematical model that satisfactorily represents water loss during the drying process (Berbert et al., 1995; Giner & Mascheroni, 2002) .
Thin-layer drying aims at determining the rate of product drying, using data from the records of mass loss of a sample during water removal (Monte et al., 2008) . The drying curves in thin layers vary with the species, variety, environmental conditions, post-harvesting preparation methods, among other factors. Various mathematical models have, therefore, been used to describe the drying process of agricultural products (Resende et al., 2008) .
According to Midilli et al. (2002) there are three types of thin-layer drying models to describe the drying kinetics of agricultural products: the theoretical model that consider the internal resistance and transfer of heat and water between product and drying airflow; the semitheoretical and empirical models that only consider the internal resistance, temperature and relative humidity of the drying airflow.
These models are generally based on external variables such as temperature and relative humidity of the drying airflow. However, there are no indicatives for the phenomena of energy and water transportation inside the seeds. These models also consider that the drying process takes place only during the decreasing rate (Resende et al., 2009) .
Considering the advantages of biodiesel production and the importance of the drying process, this work adjusted different mathematical models to experimental data of drying jatropha seeds under different air conditions and selected the model that best represents the process.
MATERIALS AND METHODS
The experiment was conducted at the Postharvest Laboratory at the Federal Institute of Education, Science and Technology of Goiás -Rio Verde Campus (IF Goiano -Campus Rio Verde).
Seeds with moisture content of 0.5 (kg water/kg dry matter) were manually extracted from the fruits after harvest. The seeds were then dried in a forced airventilated oven, with airflow of 48 m 3 min -1 m -2 of drying area. Five temperature conditions were used : 45, 60, 75, 90 and 105°C and relative humidity of 15.6, 7.4, 4.0, 1.8 and 1.2% respectively to a moisture content of 0.10 ± 0.005 (kg water/kg dry matter) determined in an oven at 105 ± 1°C, for 24 hours, with three replicates (Brazil, 2009) .
The drying airflow temperature was monitored by a thermometer installed inside the dryer. The relative humidity inside the oven was calculated using a psycrometric chart, based on data from external environment conditions using the software GRAPSI (Melo et al., 2004) . The moisture content ratios of jatropha during drying were determined by the following equation:
(1) where:
RX: moisture content ratio, dimensionless; X: moisture content (kg water/kg dry matter); X i : initial moisture content (kg water/kg dry matter); X e : balanced moisture content (kg water/kg dry matter).
The balanced moisture content of jatropha seeds at each temperature was obtained experimentally. The trays containing the samples remained in the oven until constant mass was reached after three successive weighings.
The experimental data from drying of jatropha seeds were adjusted to the mathematical models most frequently used to represent the drying process of agricultural products (Table 1) , where: The mathematical models were adjusted using nonlinear regression analysis with the Gauss-Newton method, using the software STATISTICA 7.0 ® . The models were selected considering: the magnitude of the coefficient of determination (R 2 ), the chi-square test, the mean relative error and the estimate of the standard deviation. The behavior of the residual distribution was also verified. The relative mean error below 10% was considered as one of the criteria for model selection, as recommended by Mohapatra & Rao (2005) .
The relative mean error, estimate of the standard deviation and the chi-square test for each model were calculated according to the following expressions: 
RESULTS AND DISCUSSION
It was found that the time needed for the jatropha seeds to reach the moisture content of 0.10 ± 0.005 (kg water kg dry matter)was 7.11, 3.90, 2,60; 1.79 and 1.26 h for the drying temperatures of 45, 60, 75, 90 and 105°C, respectively (Table 2) . Therefore, the increase in temperature reduced the drying time of the seeds.
The difference between the vapor pressure of the drying air and that of the product increases with the temperature, promoting greater and faster water removal. This was observed by several authors in a number of products (Lahsasni et al. , 2004; Mohapatra & Rao, 2005; Santalla & Gely, 2007; Sirisomboon & Kitchaiya, 2009 , Miranda et al., 2009 , Vega-Gálvez et al., 2011 , as it is shown in Table 2 .
Table 2 also shows that the moisture content ratio of jatropha seeds was 0.14 at 45°C, 0.16 at 60°C, 0.17 at 75°C, Table 1 . Mathematical models used to predict the drying of agricultural products
Model designation Model
Wang & Sing (Wang e Sing, 1978) (2) RX = a . exp (-k 
Verma (Verma et al., 1985) (
Newton (Lewis, 1921) (6) RX = a . exp(-k . t n ) + b . t Midilli (Midilli et al,. 2002) (7) RX = a . exp(-k . t) + c Logaritmic (Yagcioglu et al., 1999) Two terms (Henderson, 1974) 0.18 at 90°C and 0.19 at 105°C. Thus, there is an increase in the moisture content ratio with the temperature of the drying air, due to the lower balance moisture content in the seeds in such drying conditions. It was found that only the mathematical models Wang and Singh (2) and Newton (6) showed correlation coefficients (R 2 ) below 95%, indicating a satisfactory representation of the drying process (Table 3) as reported by Madamba et al. (1996) and Kashaninejad et al. (2007) . The models of Wang and Singh (2), Newton (6), Verma (3) and Two Terms (11) provided mean relative errors above 10% for at least one condition analyzed. The mean relative errors (P) indicate the deviation of the observed data from the curve estimated by the model (Kashaninejad et al., 2007) , whereas, according to Mohapatra & Rao (2005) , values below 10% are recommended for selection of models. Madamba et al. (1996) reported that when the coefficient of determination (R 2 ) is used alone, it is not a good criterion for the selection of nonlinear models. Thus, the models described above do not represent satisfactorily the drying process of Jatropha seeds (Table 3 ).
The models of Thompson (4), Page (5), Midilli (7), Logarithmic (8), Henderson and Pabis (9), Henderson and Pabis Modified (10) and Two Terms (12) provided mean relative errors below 10% in all tested conditions. Among the models assessed, they showed the lowest standard deviation of estimate or estimated mean error (SE) ( Table  3) . It is worth noting that the smaller the SE, the better the fit of the model to experimental data.
The Wang and Singh model (2) was the only one to show biased distribution at the five temperatures. According to Goneli et al. (2011) , a model is considered random if the residuals are scattered in a horizontal band around zero, not taking defined shapes and not indicating biased results (Table 4) . If it presents biased distribution, the model is considered unsuitable to represent the phenomenon in question.
Only three models showed random distribution at the higher temperatures (90 and 105°C), probably because of the lower drying time, which lightens the exponential curve. This is typical in the drying process of agricultural products and can be used as a parameter for all the models used, except the Wang and Singh model (Table 4) .
The eleven assessed models showed a confidence interval of 99%. However, the models of Thompson (4), Page (5), Midilli (7), Henderson and Pabis (9) and Two Terms (12) showed the lowest chi-square values (Table  5 ). The lower the chi-square values, the better the fit of the model (Akpinar et al., 2003; Midilli & Kucuk, 2003; Günhan et al., 2005) .
The analysis of the statistical parameters showed that the Midilli (7) and the Two Terms (12) models can be used to represent the drying kinetics of jatropha seeds. However, the Midilli model was selected to represent the drying process of jatropha seeds for its less complexity. Several researchers have recommended this model to predict the drying process of different agricultural products: red bean , leaves of bushy lippia (Barbosa et al., 2007) , leaves of lemon grass , chopped sugarcane (Goyalde et al., 2009) , leaves of sage (Radünz et al., 2010) , yellow lantern chili (Reis et al., 2011) , among others.
In Table 6 , the coefficients of the Midilli model adjusted to the drying kinetics data of jatropha seeds at different temperatures show that the magnitude of the drying constant "k", which represents the effect of the external , tends to increase with increasing temperature of the drying air, although it was significantly lower at a temperature of 90 °C relative to 75 °C. According to Madamba et al. (1996) and Babalis & Belessiotis (2004) , the drying constant "k" can be used as an approach to characterize the effect of temperature and is related to the effective diffusivity in the drying process for the decreasing period, indicating that the drying rate increases with temperature. The coefficient "n", which reflects the product internal resistance to drying , tended to decrease with the increasing temperature of the drying airflow. This occurred because of the greater difference between the vapor pressure of drying airflow and the seeds at higher temperatures, facilitating water removal which also increase the drying rate (Table 6 ). It was also verified that the coefficients "a" and "b" had different behavior at temperature ranges of 45-75°C and 90-105°C, particularly coefficient "b", which was significant only at temperatures 90-105 °C. This confirms the hypothesis that a different drying curve is produced when Jatropha seeds are subjected to drying at higher temperatures.
The Midilli model is a semi-empirical model derived from a simplification of the Fick's theoretical model (Lima et al., 2007) . However, the behavior of the empirical coefficients reveals the empirical characteristics of the model and complicates the equation of the coefficients as a function of the temperature, which is a disadvantage of the model. According to Keey (1972 , as cited in Martinazzo et al., 2007 , empirical models omit the fundamentals of the drying process and its parameters have no physical significance.
The statistical comparison of the moisture content ratio between the experimental and the estimated values indicates a satisfactory adjustment of the Midilli model for the drying process of Jatropha seeds at the different temperatures (Figure 1) . 
CONCLUSION
It was found that the increase in the airflow temperature causes a reduction in the drying time of the seeds. The Midilli and the Two Terms models are suitable to represent the drying process of jatropha seeds. Between them, The Midilli model was selected for best describing the jatropha seeds drying process for its greater simplicity.
